, and a variety of nematodes (2, 10, 22) . In spite of its central importance in seedling metabolism and development, little is known about catalysis by plant isocitrate lyase.
Isocitrate lyase (EC 4.1.3.1) is a major catalyst in the anaplerotic glyoxylate cycle. This cycle is operative in a wide range of microorganisms (30) , germinating fatty seeds (3) , and a variety of nematodes (2, 10, 22) . In spite of its central importance in seedling metabolism and development, little is known about catalysis by plant isocitrate lyase.
The first isolation of isocitrate lyase from plants was described by Khan et al. (23) . Several molecular properties of the enzyme from flax were characterized but data were insufficient to deduce the kinetic mechanism. Moreover, nothing was reported about the structure of the active site. Information about these characteristics of the plant enzyme has remained sketchy. Such information assumes special significance because plant isocitrate lyase functions within cytoplasmic organelles called glyoxysomes (3) whereas the prokaryotic enzyme is operationally 'soluble' (27, 28) .
We now describe several catalytic properties of flax isocitrate lyase as well as the composition of this enzyme and data implicating an active-site histidine. ' Supported in part by National Science Foundation Grant PCM 7909786. 2 Present address: Roche Institute of Molecular Biology, Nutley, NJ 071 10. 3To whom correspondence should be addressed.
MATERIALS AND METHODS
Materials. Mops,4 trisodium DL-isocitrate, DTT, sodium glyoxylate monohydrate, isocitric dehydrogenase, monosodium NADP+, phosphoenolpyruvate, itaconic acid, and DEP were purchased from Sigma. Succinic acid was obtained from Mallinckrodt. 3-Bromopyruvate and diisopropyl fluorophosphate-treated carboxypeptidase-A were the products of Calbiochem and Worthington, respectively. All more common chemicals were of high purity.
Isocitrate lyase was purified from Linum usitatissimum as described earlier (23) . Protein was determined by the method of Lowry et al. (25) using BSA as a standard.
Enzyme Assays. Isocitrate lyase was assayed by the procedure of Roche et al. (36) with a slight modification. In a total volume of 1.0 ml, the incubation mixture (pH 7.5) contained: 100 ,umol Mops, 5 tmol MgCl2, 2 pmol DTT, 10 ,imol trisodium DL-iSocitrate, and enzyme. After 10 min incubation at 30°C, the reaction was quenched by addition of 0.1 ml of 1 M oxalic acid. A suitable aliquot was diluted to 2.6 ml with distilled H20 followed by the addition of 0.1 ml of 1% (w/v) phenylhydrazine-hydrochloride. After thorough mixing, the tubes were chilled in ice for 10 min, and 1.5 ml prechilled concentrated HCI added with rapid mixing followed after 5 min by addition of 0.1 ml of 5% (w/v) potassium ferricyanide. After thorough mixing and incubation for 15 min at 25°C, the color intensity was read at 520 nm. Reaction rates were proportional to enzyme and the rate was constant over a 25-min incubation period.
To examine the inhibition of isocitrate lyase by glyoxylate, the reaction rate was determined by assaying succinate using succinic dehydrogenase (38) .
The condensation reaction catalyzed by isocitrate lyase was studied as decribed by Johanson et al. (19) by coupling with an excess of NADP+-isocitrate dehydrogenase. Amino Acid Analysis. Isocitrate lyase was exhaustively dialyzed against 0.1 M NaCl prior to amino acid analysis. Aliquots of the dialyzed enzyme were transferred to hydrolysis vials having norleucine as an internal standard and the contents lyophilized. After addition of 0.5 ml of 6 N HCI, the vials were degassed in vacuo and sealed under N2. The hydrolysis was carried out at 1 10°C and all hydrolysates were analyzed with a Beckman 120C automatic amino acid analyzer by the method of Moore and Stein (33) . Half-cystine was determined as cysteic acid after performic acid oxidation by the method of Hirs (18 (20) .
e Residues estimated from extrapolation to zero hydrolysis time.
f Residues estimated from the 48-h value. 9 Residues estimated after performic acid oxidation. (--) shows the theoretical decay assuming a four-subunit model and that each subunit behaves as an independent catalytic entity. Sephadex G-50 before enzyme activity was assayed.
Modification by DEP. To enzyme solution (0.5-1.5 mg/ml) in 100 mM sodium phosphate (pH 6.5) a freshly prepared solution of DEP in absolute ethanol was added to the final concentrations indicated in the figures and tables. In no case did the final concentration of ethanol exceed 2%; the controls contained the same volume of ethanol. There was no effect ofethanol on enzyme activity during the course of the study. During incubation at 30°C aliquots were removed at intervals and remaining enzyme activity was assayed as described earlier. Modification by DEP was quenched by the addition of histidine to a final concentration of 20 mm. The UV spectrum was recorded to measure the change at 240 nm due to carboethoxylation of the histidine residues using the Cary spectrophotometer (model 14). The number of histidines modified was determined from absorTtion at 240 nm using a molar extinction coefficient of 3200 M cm-' (32) .
After removal of DTT by gel filtration, the free sulfhydryl content of isocitrate lyase was determined (13) before and after treatment with DEP using 5,5'-dithiobis(2-nitrobenzoic acid) in the presence of SDS. Tyrosine and tryptophan were estimated analogously but in the absence of SDS by the method of Goodwin and Morton (16 enzyme assay by passing the reactivated enzyme through a Sephadex G-25 column (PD-10, Pharmacia). For protection studies, enzyme was preincubated for 5 min with protective ligands at the concentrations specified prior to the addition of DEP. (Figs. 1 and 2) , we conclude that the Figure 3 shows the quantitative relationship between histidine removal and loss of isocitrate lyase activity. This indicates that the C-terminal histidine residues are essential for enzyme activity. Inactivation with 3-Bromopyruvate. Flax isocitrate lyase was inactivated by 3-bromopyruvate. The inactivation exhibited saturation kinetics and the half-time was 0.6 min at pH 7.5, 30.0°C.
RESULTS

Condensation
The enzyme was found to be protected against inactivation by its substrate as well as products (Table II) . The protection study suggests involvement of one or more amino acids which is/are at or near the active site.
Inactivation of Isocitrate Lyase with DEP. The reaction of flax isocitrate lyase with DEP at pH 7.0 and 30°C resulted in rapid inactivation. The rate of inactivation was first-order with respect to DEP and yielded t11/2 of 0.4 min at saturating DEP. Both substrate and products protected isocitrate lyase against inactivation with DEP ( Fig. 4 ; Table III ). The data in Table III show that the protection against DEP inactivation fell off with time which is consistent with other enzymic studies (32) and would be expected for protection by reversibly-bound substrates or analogs.
The Nature of Modification by DEP. Although DEP reacts with histidine residues relatively specifically in the pH range of 6 to 7 (32), other residues may be modified in neutral or slightly alkaline media (5) including cysteine and tyrosine residues (4, 15) .
The reaction of proteins with DEP results in an increase in A at 240 nm if histidyl residues are modified and a decrease in A at 280 nm if tyrosyl residues are modified (32) . The increase in differential absorption at 240 nm during the modification of isocitrate lyase with DEP indicated that histidyl residues were modified (Fig. 5) . About 8.25 histidyl residues were modified with 
DEP per 264,000-D isocitrate lyase. Treatment of DEP-inactivated enzyme with hydroxylamine reulted in restoration of activity (Table IV) . Incubation without hydroxylamine did not restore activity. Since hydroxylamine cleaves the ethoxyformyl-histidyl and -tyrosyl bonds but does not cleave the more stable ethoxyformyl-lysyl bond (31, 32) ; the inactivation of isocitrate lyase by DEP appears to be due to the modification of histidyl and/or tyrosyl residues. Also, it is clear from Figure 5 that the differential absorption at 240 nm of DEPtreated enzyme disappeared during hydroxylamine treatment.
The specific modification of histidyl residue(s) with DEP is supported by the observation that the numbers of sulfhydryl groups, and tyrosine and tryptophan residues were the same in native and modified enzyme (Table V) . From the thiol content and cysteic acid analysis (Table I) , it can be estimated that there are two cysteine and two cystine residues per subunit of the flax enzyme.
Stoichiometry of the Reaction. The loss of isocitrate lyase activity plotted against the number of histidines modified (calculated from absorption at 240 nm) was linear early in the course of inactivation but deviated from the linearity when the degree of inactivation exceeded 50%o (Fig. 6) . When the linear portion of the graph was extrapolated to zero activity, a stoichiometry of one essential histidine modified per subunit was obtained.
The stoichiometry of essential histidine modification was also investigated spectrophotometrically (at 240 nm) with the known competitive inhibitor, L-tartrate. When isocitrate lyase was first incubated with this compound for 5 min and then modified by DEP in the presence or absence of L-tartrate, only 1.2 histidine residues were modified with DEP in the presence of L-tartrate (Fig. 7, curve B) . In contrast, 2.2 residues were modified in the absence of tartrate (Fig. 7, curve A) . The difference between the data obtained in the presence and absence of this competitive inhibitor (Fig. 7, curve C) suggests that the modification of one histidine residue is prevented by the binding of a substrate analog.
DISCUSSION
Although isocitrate lyases from several sources have been purified and studied, little was known about the plant enzyme prior to the present investigation. In bacteria such as P. indigofera (27) and Hydrogenomonasfacilis (28) , isocitrate lyase is a cytoplasmic component, whereas in the fatty seedlings the enzyme is located within microbodies termed glyoxysomes (3). Thus, comparisons of the enzyme by istelf are not only of evolutionary interest but raise questions about the relationship between structure, function, and compartmentation. In the face of these considerations, it is interesting that isocitrate lyases from bacteria, plants, and fungi are so similar. Only in size do they differ appreciably. The bacterial enzymes are 206,000 and 180,000 daltons from Pseudomonas indigofera and a thermophilic Bacillus sp., respectively (6, 29) , and the green algal enzyme from Chlorellapyranoidosa has a mol wt of 180,000 (21), a value similar to that reported for lupine isocitrate lyase (43) . In contrast, enzymes from Neurospora crassa, flax, and cucumber have mol wt of 270,000 (20) , 264,000 (23) , and 255,000 (14) , respectively. In all cases investigated, the enzymes are tetrameric (7) .
A quantitative comparison of composition suggests that the pseudomonad, fungal, and flax enzymes may have extensive regions of homology, yet subunits from the latter two sources (64,000-67,000 D) are about 33% larger than that of the bacterial enzyme (7) . It is of interest, then, that in both pseudomonad (29) and flax enzymes, methionine and histidine are N-and C-terminal, respectively. In the fungal enzyme, histidine is also C-terminal and the N-terminus is unknown (20) . In both fungal and pseudomonad enzymes, the penultimate residue at the carboxy-terminus is phenylalanine (20, 29) , yet this is not the case wi;th the flax enzyme. With regard to catalysis by isocitrate lyase, the fungal (19), pseudomonad (44) and flax enzymes sequentially release succinate and glyoxylate in the cleavage reaction and the kinetic mechanism is preferentially ordered uni-bi. This is in accord with the observed product inhibition patterns. The effects of inhibitors of the flax enzyme like itaconate and P-enolpyruvate, both succinate analogs, are more complex. For an ordered uni-bi reaction in which a dead-end inhibitor (I) interacts as follows: 7 ,uM at pH 7.7 (30°C) for the pseudomonad enzyme (44) . Studies of the irreversible inactivation of flax isocitrate lyase by 3-bromopyruvate establish that saturation kinetics obtain and that isocitrate or glyoxylate protects against inactivation. L-tartrate, a linear competitive inhibitor with respect to isocitrate, also protects but succinate gives little protection. The data suggest that the alkylating agent bromopyruvate modifies a portion of the active center required for action on glyoxylate, but the possibility that the bound reagent also spans the succinate-binding moiety cannot be excluded because of the ordered kinetic mechanism. In this respect, the flax enzyme is closely similar to the fungal enzyme (20) but considerably different from the pseudomonad enzyme in which the succinate site is modified by the reagent (35, 37) .
Of interest is the observation that flax isocitrate lyase, like that from Neurospora (20) and Pseudomonas (29) , is rapidly inactivated by removal of C-terminal histidine. In all three cases, the decay in activity is in exact concordance with C-terminal histidine release suggesting that each subunit behaves as an independent catalytic entity. The presence of C-terminal histidine is either required for catalysis or structural maintenance. A possibly related observation is that the flax isocitrate lyase is inactivated when one histidine per subunit is modified by DEP. Additional slower modification of a second nonessential histidine occurs. L-Tartrate provides some protection against modification of the essential histidine and isocitrate or malonate, a linear competitive inhibitor, protects against inactivation. These observations suggest that a histidine residue is in the active center. That it functions in catalysis is reasonable but unproven. With both fungal (40) and pseudomonad enzymes (39), a slightly acidic residue (pKa 6.1-6.9) functions in catalysis. This residue is plausibly histidine.
To recapitulate, most known structural and catalytic properties of isocitrate lyase have been conserved during evolution. Perhaps the most striking is the presence of an essential C-terminal histidine residue. Whether this is also the active-site histidine in flax isocitrate lyase remains to be established.
